Introduction
Zinc sulfide (ZnS) has the largest energy band gap, 3.7 eV [1] , among the direct transition type II-VI compound semiconductors, and ZnS is used in a wide variety of applications, such as light-emitting diodes, electroluminescent devices, and solar cells [2] . ZnS can crystallize into cubic, hexagonal and rhombohedral crystal structures [3] , but it is mostly found in cubic sphalerite and hexagonal wurtzite forms [3] . The most stable crystalline phase of ZnS in the bulk form is the cubic structure [4] , and the cubic structure transforms into a hexagonal structure at 1020 °C and melts at 1650 °C [4] . ZnS with a hexagonal structure can be spontaneously transformed into a cubic structure via contact with some organic molecules at ambient temperatures [5] , but the reverse transition requires rigorous conditions [6] .
ZnS thin films can be prepared using various techniques, such as sputtering [7] [8] [9] [10] [11] , metal organic chemical vapor deposition [12] , molecular beam epitaxy [13] , atomic layer epitaxy [14] , sol-gel [15] and pulsed laser deposition [16] . Among these techniques, radio frequency (RF) magnetron sputtering is a relatively simple and costeffective technique for the preparation of ZnS films [17] . There are only a few reports available on RF-sputtered ZnS films [9] [10] [11] [18] [19] [20] [21] [22] [23] . Gayou et al. prepared ZnS films using the RF magnetron sputtering technique with an RF power of 50 W at different temperatures for a sputtering time of 2 hours. They reported a zinc-blende phase for films deposited at temperatures below 335 °C and the co-existence of zinc-blende and wurtzite phases for films annealed at temperatures above 335 °C [9] . ZnS thin films were synthesized by Ghosh et al. using an RF magnetron sputtering technique on glass and silicon substrates at room temperature using an RF power of 170 W and an argon pressure of 0.1 mbar. They obtained highly transparent, cubic ZnS thin films with photoluminescence emissions due to the band gap transitions and sulfur vacancy [10] . Patel et al. fabricated RF-sputtered ZnS films at different substrate temperatures using an RF power of 150 W. They obtained textured and well-crystalized cubic ZnS films at a substrate temperature of 200 °C and hexagonal ZnS films at substrate temperatures above 200 °C [11] . RFsputtered ZnS films were grown on soda lime glass by Chelvanathan et al. using an RF power of 50 W at various substrate temperatures, and cubic structures were obtained for all the films [18] . RF-sputtered ZnS films were also grown on soda lime glass by Haque et al. using an RF power of 80 W, and they obtained an amorphous film at room temperature and a zinc-blende crystalline structure in the annealed films [19] . Mendil et al. prepared polycrystalline, cubic ZnS films on a glass substrate using the RF magnetron sputtering technique with an RF power of 40 W at both room temperature and a substrate temperature of 200 °C [20] . Mukherjee et al. studied the effects of the substrate temperature and baking in a chamber for a long duration on the properties of RF-sputtered ZnS films deposited on glass substrates and silicon wafers [21] . Xu et al. deposited ZnS films via the RF magnetron sputtering technique on glass substrates using an RF power of 300 W in an argon atmosphere mixed with different hydrogen fluxes. They studied the effects of hydrogen on the characteristics of the ZnS thin films and the working mechanism of hydrogen during the sputtering process [22] . Critchley et al. reported that the use of the best possible starting vacuum, a large throughput of the sputtering gas (argon) and control of the presence of residual oxygen in the vacuum system are important to obtain the best ZnS films using the RF sputtering technique [23] .
In vapor deposition systems such as RF magnetron sputtering, an alternative reaction path due to the presence of trace components, such as H2O, H2, and O2, in the gas system must be considered during the sputtering process [24] . At constant temperatures and pressures, the formation of ZnS by the reaction of sulfur with zinc depends only on the activity of the sulfur, and the reaction is univariant [24] . The free energy changes for the sulfidation and oxidation of zinc show that zinc oxide (ZnO) has a lower standard-state Gibbs energy of formation compared to that of ZnS, which implies the preference of zinc for oxygen over sulfur when other factors are equal [24] . Hence, the deposition of ZnS films with a high phase purity using the RF magnetron sputtering technique is challenging, and it is an art that requires a lot of initial optimization studies. The quality of the deposited films depends on various deposition parameters, and their optimization is very important [25] . RF power is an important parameter that determines the thickness and crystallinity of the deposited films. In most of the RF-sputtered ZnS films reported earlier, the crystallinity of the films was attained via annealing [20] or substrate heating [9, 11, 18, 21, 22] . During the sputtering process, an adequate temperature is generated inside the vacuum chamber, and this temperature can be varied by tuning the RF power. At an optimum value of RF power, the temperature may be enough to initiate a crystal lattice orientation. Hence, optimization of the RF power is very important in thin film fabrication, and a careful investigation of the effect of the RF power is needed to understand the phase evolution and crystalline quality of RF-sputtered ZnS films.
Even though a number of investigations on the deposition conditions used for RF-sputtered ZnS films has been reported, different authors have used different RF deposition power values to deposit ZnS films. Some authors have used very low RF powers on the order of 40 W, and others have used very high RF powers on the order of 300 W. ZnS films with amorphous as well as crystalline structures at room temperature have also been reported. Thus, the optimum conditions, particularly the optimum RF power value for depositing highly crystalline ZnS films at room temperature, are not yet well understood. Hence, a detailed investigation on the effect of the RF power on the structural and optical properties of ZnS films is of particular importance for understanding the formation mechanism for good quality crystalline films. With this motivation, ZnS films were prepared in the present study at room temperature using various RF power values, and the effects of the RF power on the structural phase formation, crystallinity and optical properties of the films were investigated. The other deposition parameters for the fabrication of the ZnS films, such as the substrate to target distance and background argon pressure, were optimized using random experiments.
Experimental techniques
Pressed ZnS powder (Aldrich, 99.99% purity) was used as the sputtering target. The RF magnetron sputtering system (MODEL HINDHIGHVAC 12˝ MSPT, M/s Hind High Vacuum Company Pvt. Ltd, Bangalore) used in the present study contained a stainless steel vacuum chamber in which the target and substrate holders were placed in the center. The chamber was initially evacuated to a base pressure of 3×10 −6 mbar using an oil diffusion pump backed by a rotary pump. Pure argon gas was admitted into the chamber through a mass flow controller, and the argon pressure was maintained at 0.1 mbar. The target was powered through a magnetron power supply (Advanced Energy, MDX 500) operating at a nominal frequency of 13.56 MHz and a manually adjustable matching network with a load impedance of 50 Ω. To remove the surface impurities of the target materials, the target was presputtered for 5 minutes with an RF power of 100 W under pure argon gas by covering the substrate with a movable shutter before starting the actual deposition. ZnS films were deposited at different RF powers (100, 120, 150 and 180 W) for a deposition time of 30 minutes on quartz substrates at a substrate-target distance of 40 mm. The films obtained were designated Z100, Z120, Z150 and Z180, respectively.
Structural investigations of the films were performed using X-ray diffraction (XRD) measurements ( X'Pert PRO HRXRD, PANAlytical, UK) in the 2θ range of 20° -80° with an X-ray radiation wavelength of 1.54060 Å (Cu K ). Micro-Raman spectra were recorded using a Labram-HR 800 spectrometer (Horiba Jobin Yvon Inc, USA) with an excitation radiation wavelength of 514.5 nm from an argon ion laser. The surface morphology was investigated using atomic force microscopy (AFM) (Bruker, USA, Dimension Edge with Scan Assist) in contact mode. Optical measurements were performed using ultraviolet-visible spectroscopy (JASCO V-550 double beam spectrophotometer, Horiba Jobin Yvon Inc, USA) and a spectroscopic ellipsometer (MM 16, Horiba Jobin YVon,USA). The thickness of the films was measured using the lateral scanning electron microscope (SEM) images (Nova Nano SEM-450 FESEM, FEI-USA) and the ellipsometric data. The photoluminescence (PL) spectra of the films were recorded using a TRIAX 550 spectrometer (Horiba Jobin YVon, USA), which excited at a wavelength of (1 1 1) for the cubic phase and (1 0 3) for the hexagonal phase, were very close (2θ = 28.910° and 29.023°, respectively), independent assignment of the intense peak at the 2θ value of ~29° to any one of these phases was not possible. This peak could be overlapping peaks of the cubic and hexagonal phases. Deconvolution of the intense peak in the films deposited at RF powers >100 W revealed two peaks (inset in Fig. 1(b) -(d) ), which can be attributed to the cubic (1 1 1) and hexagonal (1 0 3) planes. It was found that in the Z150 film, the intensity of the cubic (1 1 1) plane was higher than that of the hexagonal (1 0 3) plane, but in the Z120 and Z180 films, the hexagonal (1 0 3) plane had a higher intensity than the cubic (1 1 1) plane (inset in Fig. 1(b) -(d) ). An enormous increase in the intensity of the XRD peaks was observed for the Z150 film compared to the Z120 and Z180 films. This suggests a better crystallinity in the Z150 film compared to the other films.
The XRD results revealed that a low RF power value of 100 W could not initiate crystallization or the crystal lattice orientation at room temperature since the surface mobility of the particles on the substrate and the kinetic energy of the sputtered particles are low at this low value of RF power [26] . As a result, the sputtered particles cannot arrive at low energy lattice positions, leading to the formation of ZnS films with less ordering or an amorphous nature [27] . An increase in the RF power to 120 W gives sufficient energy to the ad-atoms, increasing their mobility to the low energy lattice positions and leading to crystallization of the film. The increase in the RF power to 150 W again increases the ad-atom mobility and provides enough diffusion activation energy to occupy the most beneficial lattice positions in an ordered manner, leading to atomic rearrangement and good crystallization of the film [27, 28] . Increasing the sputtering power beyond 150 W provides excess kinetic energy to the sputtered particles, which increases the collisions and atomic scattering. This causes rebounding of the sputtered particles and prohibits growth of the ZnS film with a high degree of preferential orientation, leading to a reduction in the crystalline quality [27, 29] . Since ZnS is a highly efficient luminescent material [30] , there is no interest in its amorphous films because its crystallinity is beneficial for light emission [31] . Hence, an RF power of 100 W is not sufficient for depositing good quality ZnS films for optoelectronic applications. As mentioned earlier, even though the Z150 film has both the cubic and hexagonal phases, the contribution from the hexagonal phase is less, and the dominant crystalline phase is cubic. This is quite evident from the multi-peak Gaussian deconvolution ( Fig. 1(e) and inset in Fig. 1(c) ), which shows a higher intensity for the cubic (1 1 1) peak compared to that for the hexagonal (1 0 3) peak. Thus, in the present investigation, an RF power of 150 W was found to be optimal for depositing highly crystalline ZnS films with the cubic phase as the dominant phase.
The micro-Raman spectrum of the Z100 film presents broad spectral features with weak bands, indicating its amorphous nature (inset in Fig. 2 ). The Raman spectra for the Z120, Z150 and Z180 films show Raman bands at ~348, 140, 171, 208, 266, 417, 491, 604 and 676 cm -1 (Fig. 2) . The presence of more sharp and well-defined Raman bands in the Z150 film compared to the Z120 and Z180 films indicates the enhanced crystalline nature of this film, as revealed in the XRD results. The intense Raman band at ~348 cm -1 can be assigned to the longitudinal optical (LO) phonon [7, 8, 32, 33] , and the medium intensity band ~266 cm -1 can be assigned to the transverse optical (TO) phonon [7, 8, 33] . The Raman bands at approximately 140 cm -1 and 171 cm -1 can be attributed to the disorderactivated, second-order acoustic phonons [7, 8, 34, 35] . The Raman band observed at ~208 cm -1 can be attributed to the first-order longitudinal acoustic (LA) mode [7, 8, 36] , and the band at ~417 cm -1 can be attributed to its overtone [37] . The Raman band at ~676 cm -1 is associated with the second-order LO phonons [7, 35] . The bands observed at 491 and 604 cm -1 may originate from the spectral contribution of the quartz substrate [7, 8] .
The AFM image of the Z100 film shows only isolated grains (Fig. 3(a) ). A dense, uniform distribution of welldefined grains of almost the same size can be seen in the AFM images of the Z120 and Z150 films (Fig. 3(b) and   3(c) ). The AFM image of the Z180 film shows coalescence of the grains, leading to the formation of agglomerated clusters ( Fig. 3(d) ). The uniform distribution of the grains with significant grain growth and a detectable grain boundary exhibited by the AFM image of the Z150 film indicates the good quality of this film, as revealed by the XRD and Raman analyses. The root mean square (RMS) surface roughness of the films measured from the AFM images showed a systematic increase with the increase in the RF power (Table I ). The thicknesses of the films were estimated from the lateral SEM images (Fig. S1, ESI) and are shown in Table I . The film thicknesses also showed a systematic increase with the increase in the RF power. The Z180 film had the highest thickness, 378 nm, which was approximately 4.7 times greater than the thickness obtained for the Z100 film. This indicates that the RF power can play a very crucial role in the film deposition process. The optical transmittance spectra of the ZnS films deposited with an RF power >100 W show a sharp decrease in the transmittance (Fig. 4(a) ) at ~375 nm due to the fundamental absorption of ZnS. This is an indication of the good crystalline quality and direct band gap nature of the films. Such a sharp decrease in the transmittance is not observed for the Z100 film due to its amorphous nature. The optical band gap energy values were estimated from the Tauc plots (Fig. 4(b) ) by extrapolating the linear region of the 2 ) (  h versus  h curve [38] . All the films possess a band gap energy ( Table I ) lower than that of the bulk ZnS (3.7 eV) [1] , possibly due to the presence of defect states such as sulfur vacancies and zinc interstitials [39] . The high values of the band gap energies for the Z120, Z150 and Z180 films compared to that of the Z100 film can be attributed to their enhanced crystallinity and structural order.
The optical constants and thicknesses of the films deposited at various RF power values were estimated using spectroscopic ellipsometry. The measured ellipsometric parameters are usually expressed as the polarization angle,  , and phase delay,  [40] , which occur when the measurement beam interacts with the sample. In the present study, an analysis of the ellipsometric data was performed using the Delta Psi software and the double layer Sellmeier model [16] (Fig. S2(a), ESI) . To fit the data, we used the classical dispersion relation. In the present case, the value of the mean-square error (MSE), 2  , was very small (< 1), which indicated good agreement between the fitted data and the experimental data, as revealed by Fig. S2(b) -(e), ESI. The thicknesses of the ZnS films deposited using various RF powers and estimated from the ellipsometric data were in the range of 92-394 nm (Table I) , which closely agreed with the thickness values obtained via the lateral SEM analysis (81-378 nm). The results confirmed the reliability of the model used for fitting the data.
The variation in the refractive index as a function of the wavelength for the films deposited at various RF power values (Fig. 5(a) ) shows a systematic decrease with the increase in the wavelength,  , which suggests a normal dispersion behavior in the films [41] . A systematic increase in the refractive index values with the RF power is seen in Fig. 5(a) and Table I . The increase in the RF power enhances the close packing nature of the grains, leading to a reduction in the porous nature along with the coalescence of the grains (Fig. 3(a)-(d) ). This results in the densification of the layers and an increase in the film thickness. The refractive index and film thickness show similar trends with an increase in the RF power ( Fig. 5(b) ). The refractive index mainly depends on the density of the voids and their volume fraction, which are related to the packing density of the material [42] . Thus, a reduction in the voids and an increase in the packing density with the increase in the RF power are the reasons for the systematic increase in the refractive index of these films.
The film to bulk relative density,
, of the films deposited at different RF powers was calculated using the following Lorentz-Lorentz relation [43] :
where f n and b n are the refractive indices of the film and bulk ZnS, respectively, for a particular wavelength. For the calculations, we chose the refractive index of the films at a wavelength of 550 nm. For the bulk ZnS, b n = 2.35 [44] . The estimated values of the film to bulk relative density increased with increase in the RF power (Fig. 5(c) ), which suggested an enhancement in the packing density of the films.
The room temperature PL spectra of the ZnS films deposited with different RF power values ( Fig. 6(a) )
show blue and green emission bands at ~445 and ~535 nm, respectively. The blue emission at ~445 nm is due to structural defects, such as sulfur vacancies and zinc interstitials [45, 46] , and the green emission at ~535 nm is attributed to donor-acceptor recombination from the sulfur vacancy to the zinc vacancy [46] . It can be found that the intensities of both the PL emissions increased with the RF power up to 150 W and slightly decreased after 150 W Fig. 6(b) ). The enhanced PL intensity of the Z150 film can be attributed to the reduction in the density of the nonradiative defects and the enhancement in the visible radiative defects, such as vacancies/interstitials, due to its better crystallinity [47] . Hence, an RF power of 150 W was found to be optimum for enhanced photoluminescence emissions from ZnS films.
Conclusions
ZnS films were grown on quartz substrates with different RF power values using the RF magnetron sputtering technique, and the effect of the RF power on the structural and optical properties of the films was investigated. The XRD analysis revealed that an RF power of 100 W was not sufficient for crystalline growth in the ZnS film. The cubic and hexagonal phases co-existed in all the films deposited at an RF power >100 W. The predominant direction of the crystalline growth was along the cubic (1 1 1) plane in the Z150 film, whereas it was along the hexagonal (1 0 3) plane in the Z120 and Z180 films. Among the different RF power values investigated, the films deposited at an RF power of 150 W showed the highest crystalline quality. The presence of sharp, welldefined Raman bands in the Z150 film indicated it had the highest crystalline quality, as observed in the XRD findings. The films deposited at an RF power >100 W were highly transparent in the visible region with a sharp decrease in the transmittance at ~375 nm, which indicated the good crystalline nature of these films. A systematic increase with the increase in the RF power was observed for the film parameters such as film thickness, RMS surface roughness, refractive index and film to bulk relative density. The enhanced visible emission intensity observed in the Z150 film could be because of the improved visible radiative defects due to its superior crystallinity compared to the other films. The optimum RF power for the deposition of ZnS films with the highest crystalline quality, a predominance of the cubic phase and enhanced PL emissions was 150 W under the present experimental conditions.
